A neutron-detection system has been assembled to provide both spatial and energy information from the neutrons produced in advanced fusion experiments.
Introduction
Advanced magnetic confinement fusion experiments are approaching the size required for commercial power generation. Accompanying this growth are dramatic increases in plasma ion density and increases in plasma volume. Diagnostics based on escaping ions or neutral atoms are becoming increasingly difficult as the mean free paths of these species become small compared to the plasma dimensions. Similarly, rf and laser probes are substantially attenuated in these denser, larger plasmas. On the other hand, neutron yields are substantial in some of these experiments, and the neutrons have mean free paths that are long compared to the plasma dimensions. Neutron diagnostics to measure plasma parameters are more attractive because of increased yields. The purpose of the work reported here was to assemble and characterize a neutron-detection system that might be useful in determining some plasma variables.
The objectives addressed here are: * Measurement of the spatial distribution of the neutron yield * Development of a neutron spectrometer system capable of high-count-rate operation so that energy spectra can be obtained during an 0.5-s plasma pulse * Attainment of good energy resolution to reduce interferences resulting from nonthermonuclear neutrons and to allow measurement of ion temperature
We have been only partially successful thus far in our effort to attain these goals. The systems described below handle neutron count rates up to 5 x 105 counts/s and provide energy resolutions on the order of 160 keV for 2.5-MeV neutrons and 600 keV for 14-MeV neutrons. They also allow us to obtain an image of the neutron yield, with spatial resolution of a few centimeters for an object plane 3 m f rom the detection system. While we have obtained neutron spectra during a 1.0-s pulse, and the energy resolutions indicated above are a considerable improvement over earlier such systems, further improvements in both data rate and energy resolution will be required for the measurement of ion temperature during short intervals. Below we describe the design of our neutron system and its characteristics for neutron diagnostics. Polyethylene-water collimator showing pinhole design and positions of neutron detectors.
Neutron-Yield Imaging
Neutrons produced by (y,n) reactions in a limiter, or by deuteron-induced reactions in an injector-beam dump are expected to be generated from specific locations. An image of the neutron yield would allow separation of these sources from neutrons generated within the plasma. In addition, a neutron image should help to identify hot spots in the plasma, which could produce high response in a neutron detector located near the hot spot. For these reasons, we have constructed and partially characterized a simple neutron pinhole camera. Basic considerations in neutron-collimator and pinhole design are discussed in detail by Langsdorf.4 Recent designs of collimators and pinholes have been described by Bernstein5 and by Bauer and Weingart,6 respectively. Both designs obtained about 1-mm spatial resolution at the object plane. However, a collimated system requires either an array of collimators or a scanning system to produce an image. Therefore we chose a pinhole design similar to that of Ref. 6 . In an effort to fabricate the pinhole with minimum effort and cost, we chose a water-polyethylene construction, which could use a water tank already available. Figure 1 shows the pinhole design. Tne surrounding water tank is somewhat larger than is required and could be reduced if space was restricted. The pinhole consists of a series of 12.8-cm-o.d. polyethylene disks, each 5.1 cm thick and with holes for the appropriate aperture diameter. Disks were available with 1-mm, 3-mm, and 10-mm holes, allowing several different aperture diameters. Entrance and exit zones were constructed from disks with tapered holes to form conical entrance and exit zones. The imaging capability of the pinhole could be used by placing an array of small neutron detectors behind the aperture and using their signals to construct the inverted image of the source.6
In our work, we placed a single small detector on axis and rotated the whole system about both a vertical axis and a horizontal axis to map the spatial response of the system with respect to the object plane. The neutron source used for these experiments was the LLL Rotating Target Neutron Source,7'8 which supplies up to 6 x 1012 n/s at 14 MeV. At each position of the system (Fig. 2) , a laser was aimed through the aperture and its projection on the accelerator target was observed. The distance between this projection and the source spot on the target was used to determine the location of the neutron source in the object plane. Figure 3 Energy resolution has been determined for the system with each of the scintillators listed in Table  1 at both low and high data rates. The resolutions were determined by exposing each system to 2.5-and 14-MeV neutrons generated by the Rotating Target Neutron Source (RTNS). In each case, a conical target was used on the RTNS, and the detectors were placed at 1000 relative to the 400-keV deuteron beam to minimize energy dispersion of neutrons from the source. Source dispersion was also reduced by dropping deuteron-beam energy from 400 to 200 keV for the Ti-D target. As a result, source energy dispersion was estimated to be less than 75 keV in all cases. Pulse-height data were obtained at data rates (measured at the constant-fraction discriminator output) ranging from 2 x 104 to 1.2 x 106 counts/s.
Generally about half these events were identified as y-ray interactions. All pulse-height spectra were unfolded using the NUTSPEC9 unfolding code, and the energy resolution (FWHM) of the spectral peak was determined.
Data obtained at rates above 7 x 105 counts/s showed very significant pulse pile-up and resolution loss, as well as high PSD error rates. At low data rates, the energy resolution in the best cases was 150 keV at 2.5 MeV and 550 keV at 14 MeV. Figure 9 shows unfolded spectra that are more typical of these data, taken at rates between 2 and 10 x 104 counts/s. Figure 10 shows unfolded spectra that are typical of data taken at high rates, in the range 4 to 6 x 105 counts/s. Energy resolutions obtained with each detector system are indicated in Table 1 .
Finally, Fig. 11 shows D(d,n) and T(d,n) spectra obtained during a 1.0-s irradiation at data rates between 4 and 5 x 105 counts/s. The spectra shown are typical of many such runs taken on different days.
Conclusion
The neutron spectrometer/camera described here has been assembled and partially characterized. 173 keV FWHM Finally, the energy resolution for this system is adequate for D(d,n) and T(d,n) yield measurements and the elimination of most interferences. However, it is clear from Eqs. (1) and (2) that ion temperature can be determined from neutron spectral width only if the ion temperature is greater than about 20'keV for a deuterium plasma or about 45 keV for a deuterium-tritium plasma. Experiments at lower temperature, those in which non-Maxwellian ion-energy distributions occur, or those in which a significant neutron yield is produced in the plasma by neutralbeam injection will require significantly better energy resolution.
